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PREFACE

The research work reported herein was proposed and conducted by Crites
Enterprises of St. Louis, Missouri. The research was funded as an FY-1986 DOD 3BIR
project by Amold Engineering Development Center (AEDC), Air Force Systems
Command (AFSC), Arnald Air Force Base, Tennessee under Contract number FA0600-
86-C0006 during the period July 22, 1986 to January 22, 1987. Research, prototype
development, and wind tunnel model fabrication were accomplished in St. Louis,
using Crites Enterprises facilities. Feasibility, or proof of concept, testing was done
in the University of Missouri-Rolla subsonic wind tunnel facility.
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1.0 INTRODUCTION

The bouadary layer flow over the surface of a modern
aircraft has a large effect on its aerodynamic
characteristics. Therefore, an important aspect in the
development of new flight vehicles 1s the determination of the
effect of various design parameters on the boundary layer. In
wind tunnel testing it is often desirable to monitor the
boundary layer over various surface areas and determine
whether it is laminar, transitional, or turbulent.
Unfortunately, current methods of determining boundary layer
tran=sition are costly and often produce data of questionable
interpretation.

The most common methods of detecting boundary layer
transition are the hot wire anemometer and the surface total
pressure probe. Hot wire anemometry was developed in the
early nineteen hundreds for use in low speed wind tunnels.
Modern electronics have improved the hardware considerably,
and much work hes been done to extend its range intc the high
speed compressible domain.1.2,3 Nevertheless, the technique
for measuring boundary layer transition 1s basically
unchanged. An electrically heated wire is slowly moved along
the surface of the model. The recorded sighal is proportional
toc the current reguired to maintain the wire at a constant
elevated temperature, As the wire moves from the laminar to
transiticnal zones, turbulent bursts and increased diffusion
cauge & sharp rise in heat transfer rate. A good wire set has
adequate frequency response to monltor the turbulence. A plot
of turbulence level versus distance along the surface can be
constructed and used to plck the transition location. One
problem with this technigue is that the presence of the hot
wire disturbs the very flow it is measuring. Another problem
is that it takes skilled and experienced personnel to
successfully acquire and interpret the data.

Like the hot wire technique, the surface total pressure
probe has besn used for many years. Modern pressure
transducers and data acgquisition systems have lmproved the
hardware. The range of application has been ilncreased3, but
the method remains essentially unchanged. The probe slides
along the surface of interest while total pressure is
measured. The probe tip is usually flattened to create a
vertical opening of 0.002 to 0.005 inches. The probe i=s
started under the laminar boundary layer, and moved downstream
into the turbulent boundary layer. As the transitionsal zons
is entered the total pressure rises sharply due to increased
momentum diffusion.
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The transition location is usually specified as the point
of maximum slope in the regicon of total pressure rise. This
method is simple in concept and yields guantitative data that
is easy tec interpret. Unfortunately, the presence of the
probe and its support and movement hardware create a large
disturbance in the local flow field. This is particularly
true ln high speed tests, where the presence of the probe can
cause shock waves which interact strongly with the local
boundary layer. The surface total pressure probe is easier to
use than the hot wire probe. It produces data that is easier
to interpret than the hot wire probe. However, both methods
can produce questionable data due to the interference of the
probe with the local flow. For this reason a non-intrusive
method, which does not insert a probe into the flow at the
measuring point, is highly desirable.

There are several non-intrusive methods of measuring gas
properties in a flowing environment. Most of these methods
are optical in nature. With modern laser sources,
photodetectors, and computer based data acquisition system,
Raman scattering4.5.9 resonant laser velocimetry? and
aerodynamic holography?.9%.19% are relatively new and
promising methods of nen-intrusively measuring gas flow
properties. Unfortunately, these methods are best suited to
time averaged measurements of mean flow parameters, and (at
this time) are not capable of both the spatial resolution and
the frequency response necessary to accurately detect boundary
layer transition.

The most widely used optical flow measuring method is the
LV (Laser Velocimeter).11.12.13,14 A rich and detailed
nmethodology has developed around the use of the LV. In
principle, the LV scatters laser light from “seed"” particles,
which for practical wind tunnel work must be introduced into
the flow. The scattered light is collected and the velocity
of the seed (presumably the same as the gas) is obtained from
a sophisticated signal processor. The LV is capable of making
good turbulence measurements. Spatial resolution, however,
can be a problem., While the LV is easily the best of the
optical tools available, it is not capable (at this time) of
accurately mapping the boundary layer transition over a
three-dimensional surface in a high speed wind tunnel.

Many investigators, such as Doughertyl5, have made
boundary layer investigations using the surface total pressure
probe with a closely coupled pressure transducer. As a result
they can measure not only the mean total pressure, but the



AEDC-TR-87-26

fluctuating pressure. They report that as the probe passes
through the transitional range, the fluctuating pressure
jncreases sharply in magnitude, showing a well defined peak at
the point of maximum slope in total pressure rise; 1.e., at
the point of transition. Local fluctuating pressure can
therefore be used for boundary layer transition detection.
Detecting boundary layer transition in this fashion offers no
advantage because the probe still causes the same interference
regardless of whether total pressure or fluctuating pressure
is measured.

Wood, et al.,1% in a very recent attempt to define
candidate techniques for non-intrusive boundary layer
measurements points to the use of fluctuating surface
pressure., If pressure transducers could be flush mounted in
the surface, in a streamwise line at close interval, the
atreamwise distribution of fluctuating pressure would identify
transition. The problem with implementing this scheme is the
time and cost involved in modifying the surface to accept many
conventlional pressure transducers.

Critesl? invented a new kind of fluctuating pressure
transducer. This transducer is the basis of an improved
boundary layer transition sensor concept. The new transducer
is fabricated from specially prepared layers of metallized
plaatic film. As a result it is very flexible and az thin as
0.001 inch. The improved boundary layer sensor would consist
of an array of these transducer elements on a single plastic
sheet. The sensor could be bonded directly to the surface of
intarest. It would be flexible enough to follow the local
surface curvature, and thin enough not to trip the local
boundary layer. Boundary layer transition would be detected
by monitoring the RMS fluctuating pressurs distribution over
the transducer array, and resolving the transitlonal spike in
intensity. We believe that this concept offers the best hope
for economical non-intrusive boundary layer transition
detection.

2.0 ELECTRET TRANSITION DETECTOR CONCEET

An electret may be thought of as the analog of a magmet.
A magnet is a material that produces a magnetic field at its
surfaces in the absence of an external current source. An
electret is a material that produces an electrostatic field at
its surfaces in the absence of an external voltage source.
The mclecular structure of an electret material is polarized
and aligned to produce a virtual “"hetrocharge”. This appears
as a positive charge near one surface and a negative charge
near the other. In the manufacturing process, ionic
"homocharges” of opposite polarity are deposited on the
surfaces. These charges are trapped by the internal field of
the hetrocharge and produce a very strong electrostatic field
in space near the electret. The actual phenomenology involved
is complexi®, and beyond the scope of this report.
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Electrets have been made from many different materials
using many different processes. Early electrets were usually
made from waxesl® and were fairly thick. Modern electrets
are made from very thin plastic film.2¢ The thickness of
modern electrets is typically on the order of 0.0003 to 0.0005
inch. Metallized K-1 Polycarbonate, and FEP Teflon were used
to make electrets during the reduction to practice stage of
the electret pressure transducer invention. Prototype
trenaducers made with these electrets performed well. As
noted by Sessler and West2i, electrets made from either of
these materials will hold a net charge almost indefinitely.

Electrets have many applications, the most notable of
which is the manufacture of microphones. Electret microphones
are common place, having largely replaced condenser
microphones because of superior performance and lower cost.
They have alsc been given serious consideration for use in
telephone transmitters.z2

The conventional condenser microphone is essentially a
capacitor formed by a metallic diaphragm and a metal
backplate. A relatively high voltage is applied to charge
this capacitor. Fluctuating pressure (sound) causes small
movement in the diaphragm which changes the net capacitance
and causes small voltage fluctuations to appear across the
capacitor. The sensitivity of this arrangement depends on the
quantity of charge stored in the capacitor. An electret
microphone works the same way, except that the electret film
replaces the metal diaphragm. Since the slectret carries a
permanent charge, no high voltage supply is neceasary. The
electret microphone doesn’t need a power supply, 1t acts as a
small generator, producing voltage fluctuations in response to
pPressure fluctuations.

Electret microphones have the gensitivity to measure
surface pressure fluctuations. However, they are no easier to
mount in the surface of a wind tunnel model than conventional
transducers. The electret transducer element which is the
basis of the electret transition detector concept, avolds the
rigid mechanical constraints inherent in conventional devices.

The electret transducer element is tllustrated in Figure
1. A metallized plastic film, insulator/substrate, serves as
the backplate. It can be directly bonded to the surface. The
metallization serves as the active slectrode. The signal is
taken from it. The electret film is loceted a amall distance
above the substrate film with its metallization facing
outward. The electret metallization is grounded, forming the
other electrode of the capacitor, and & shield for the active
electrode. The two metallized f1llms are separated by an
elastomer. The slastomer elastically deforms under pressure
to vary the spacing between the two metallizations, and
thereby vary the net capacitance. Since the capacitore net
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charge is fixed by the electret, fluctuations is pressure
cause corresponding fluctuations in voltage at the active
electrode.

Metalization Pressure

Electret

.............................
----------------------------

----------------------------

.............................

Insolator/Substrate

=

—

Ground  —

The electret film and the substrate film are typically
about 0.0003 inches thick. Total transducer thickness depends
on the elastomer layer, but is typically between 0.001 and
0.003 inches. Mathematical modeling of this transducer
predicts some unique characteristics. The transducers dynamic
characteristics (to a first order approximation) are dependent
only on electret charge density and local elastomer
characteristics. Therefore, frequency response and
sensitivity are independent of size and shape. The transducer
element can have any convenient shape and size without
affecting dynamic characteristics. Another implication is
very high immunity to physical damage. A transducer element
can have small sections ripped away and the remains will still
function correctly.

Figure 2 is a comparison between the characteristics of a
prototype electret transducer and a conventional high response
instrument (Kulite). The electret transducer has a
sensitivity that is over twenty times greater than the Kulite,
and a roughly comparable frequency response.

The proposed boundary layer transition sensor will contain
many electret transducer elements in an array or matrix. 1In
its final form these arrays could contain hundreds of
individual transducer elements. Figure 3 shows a section of a
possible electret boundary layer transition sensor. The
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electret transducer elements are configured to maximize
resolution in the flow direction. Figure 4 illustrates the
application of this type of array. The array would be bonded
to the surface with the long axis of the sensor pads mounted
at right angles to the mean flow direction. For the example
given, this would yield a spatial resolution of 0.1 inch.
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3.0 FEASIBILITY STUDY

A feasibility study, to determine the practicality of
producing such electret transducer arrays, and of using them
t0 locate boundary layer transition, was funded by the Air
Force under a Phase I DOD SBIR contract. The research to he

done under this contract was divided into four logical tasks.
Theze are -

1. Electret Production
2. Sensor Fabrication
3. Mocdel Fabrication
4. Wind Tunrel Testing

The work accomplished, and the results, for each of these
tasks will be discussed in the remainder of this sectlion.

3.1 Electret Production

Electrets were made by three separate processes. These
are the "hot sandwich", Figure 5, the "hot ion spray”, Figure
8, and the "cold ion spray”, Figure 7.
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In the hot sandwich process the plastic film to be made
into an electret is placed (metallization side down) on the
copper surface of a Cu/clad circult board. The epoxy side of
another board is placed on top to form a "sandwich". A high
voltage is applied while heating the sandwich in a laboratory
oven. This creates an intense electric field through the
sandwich. After sosking in this electric field at elevated
temperature for about an hour, the oven is turned off. The
sandwich is allowed to slowly cool while the polarizing
voltage is maintained. When room temperature is reached the
vower supply is shut off and the plastic film, which is now an
electret, is removed from the sandwich.

Care must be exercised in the selection of both the
polarizing voltage and the soaking temperature. Initial
attempts to use this electret activation process failed.
Chromium metallized FEP Teflon was used for the electret
material. A polarizing voltage of 2 kV, and a temperature of
350 deg.F. were selected (based on previous experience with
this material). The result was that the chromium
metallization was transferred from the Teflon film to the
clrcuit board. It was found that with the batch of Teflon
film obtained for this study, temperatures had to be limited
to less than 250 deg. F. if damage was to be avolded.
Previous work done with aluminized Teflon did not show this
temperature limitation.

Bince only the chromium metallization was avallable for
this task, the temperature had to be limited. At the lower
temperature it was found that 2 kV was not sufficient to
produce strongly polarized electrets. The voltage was
increased to 7 kV, at which time the cirecuit board insulation
suffered dielectric breakdown. The resulting arc caused
explosive delamination and destroyed the Teflon film. Figure
B is a photograph of the copper side of the top circuit board
in the sandwich. The copper cladding was separated from the
epoxy and formed into a hemispherical bubble.

After some experimentation it was found that 8 kV at 240
deg. F. resulted in & strong polarization without damage to
the metallization. A final refinement of the hot sandwich
process was achieved by reducing the lateral dimensions of the
circuit boards. Instead of polarizing a wide piece of film
and then cutting it to the desired width, the film was cut to
width (1.0 inch), and then polarized. ‘The wider films were
hard to keep wrinkle free while installing in the sandwich.
Furthermore the heat would set the wrinkles, and cause creases
in the metallization. It was often found that chromium
migrated away from the creases so that electrical continuity
was lost across the length of the film. By iimiting the film
width te 1.0 inch this problem was minimized.

Figure 9 is a photograph of the final kot sandwich
impiementation. Ceramic standoffs are used separate the

10
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sandwich from the metal oven shelf. Additional standoffs are
used as weights to keep the sandwich in position. After
assembly, the edges of the sandwich are covered with
electrical insulating tape. The purpose is toc prevent corona
discharge, and arcing from circuit board to circuit board at
the edges.

Succesaful electret materials have polar molecular
structures. This is illustrated in Figure 10. TFE Teflon
cannot be made into an electret. MNote the symmetrical
molecular configuration. However, FEP Teflon makes excellent
electrets. Note the asymmetrical molecular configuration,
resulting in an asymmetrical charge distribution - a polar
structure. There are two phenomena involved in the hot
sandwich process. First, the intense electrical field tends
to align the molecular electric dipoles -~ which once aligned
tend to be self sustaining. Supposedly the heat aids in the
realignment process. Second, there is a thin layer of air
trapped between the top of the sandwich and the plastic
surface of the film. 8Since the dielectric constant drops
abruptly at the epoxy/air interface, the local field strength
rises sharply - ionizing the air in the gap. These ions are
accelerated into the surface of the plastic film and trapped
there. The net electret charge is the superposition of the
aligned components of the molecular electric dipoles end the
trapped surface charge.

TFE
TEFLON

FEP
TEFLON

12
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In the electret samples made with the hot sandwich
process, the surface charge seemed to dominate. The hot ion
spray process was developed in an attempt to increase the
trapped surface charge. Figure 11 is a photograph of the hot
jon spray process of making electrets. The plastic film to
become an electret is cut to width (1.0 inch) and taped -
metallization side down - to a copper plate. Quarter inch
thick Teflon blocks are placed at each end of the plastic
film. A specially prepared piece of Cu/clad circuit board is
positioned on these Teflon blocks. This board has many small
needle points soldered to the copper side. The needles point
down - at the plastic film. Ceramic standoffs are used to
weight the ends and hold the components in alignment.

In use, the bottom copper plate is grounded and the top
board with the needle points (the ion emitter) is connected to
a high negative voltage supply. The needle points cause a
local intensification of the electric field sufficient to
cause ionization of the air - a corona discharge. The field
accelerates ionic charge into the plastic film.

In practice this method worked, but not well. The process
was unstable, That is, it would spontaneously arc - burning
holes through the plastic film. The voltage would be slowly
increased until the desired ion current was obtained. All
would be well for an indeterminate period ( from seconds to
several minutes ). Then an arc would occur, destroying the
electret. The problem seemed to be associated with the

13
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accumulation of space charge in the gap between the ion
emitter and the plastic film. It is hypothesized that the ion
density in the gap increased, decreasing the dielectric
strength of the air, until breakdown occurred. This process
was abandoned.

The cold ion spray process was developed to accomplish the
purpose of the hot ion spray process - increase the net
surface charge - and avoid the unstable arcing associated with
the accumulation of space charge in the gap. This was done by
making an improved ion emitter which consisted of a row of
tiny, very sharp, needles. The width of the row of needles
was slightly larger than the width of the plastic film to be
processed. To prevent space charge accumulation the emitter
would be continuously moved back and forth over the length of
the plastic film. Experimentation indicated that heat was not
necessary to accomplish charge capture at the plastic films
surface. Therefore the oven was eliminated.

Figure 12 is a photograph of the cold ion spray
apparatus. The plastic film is laid in the bottom of a slider
channel and secured with tape. The metallization is down
against a glass bottom, and is grounded. Shims are laid in
the channel to cover the edges of the film and to serve as a
slider bearing. The ion emitting needles are held in a slider
which rests on the shims. A brush contact on the slider
connects the needles to a high voltage supply.

A small DC motor drives a capstan which moves the slider at
a constant speed over the surface of the film. When the
slider reaches one end of the channel the motor is reversed
driving the slider toward the other end of the channel. Since
the emitter is in constant motion, there is no significant
accumulation of space charge, and the spurious arcing of the
hot ion spray is avoided.

14
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Electret material was made from chromium metallized FEP
Teflon and from aluminized Mylar. Electrets were made using
both the hot sandwich and the ¢old ion spray processes.
Charge density and stability was periodically measured to
determine which electret process was best.

Measurements were made using an improved separable
capacitor method. This method is illustrated in Figure 13.
The electret film is placed (metalllzation down) on a copper
plate. The copper plate is grounded. A copper probe of known
area is placed on the top of the electret. The probe and the
metallization of the underside of the electret form a
capacitor. Since variation in the ailr film trapped under the
probe can result in small changes in capacltance, the
capacitance is messured using a sensitive electronie
capacitance bridge. The probe is then grounded. Current
flows between the electret metallization and the probe until
the charge on the probe balances the field at the surface of
the electret. The probe is then connected to a calibrated
capacitor of known capacitance, and quickly lifted from the

PEAK
READER

CAP. |
BRIDGE © °3 o

PROBE /— ELECTRET

[ Cu PLATE I
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surface of the electret. As the probe 1ifts, its capacitance
drops to a negligible value and the charge is transferred to
the calibration capacitor. A peak reader circuit records the
vaoltage developed on the calibration capacitor.

Measurements made by this method show the charge density
for electrets made by either method to be of the order of
10-8 C/in2. There seemed little to recommend one electret
Process over the other. Later, during the fabrication of
sengors for the wind tunnel test, the electrets were moved
from an unheated area to a warm area. Water condensation
occurred on the electrets. It was subsequently discovered
that only electrets made of Teflon by the hot sandwich process
retained a strong charge. Therefore only these electrets were
used for the wind tunnel test. Further investigation is
needed to determine the cause of damage, and eatablish
adequate preventative measures.

3.2 Prototype Sensor Fabrication

As shown previously, the sensors consist of three basic
components. Flrat is the substrate - an insulating plastic
film with a conductive metallization on one side forming the
sensor electrodes and possibly connecting leads. The second
is the elastomer layer - an insulating compressive separation
between the substrate layer and the the electret (which is the
last layer). In addition there are the adhesives needed to
hold the laminates together, and to the surface of interest.

The material selected for the substrate was 0.25 mil
aluminized Mylar. A very efficient method was developed for
obtaining the required metallization patterna. The conductive
areas ( sensor electrodes and connector taba) were drawn using
& PC CAD system. Plotter pens were modified to contain a
chemical resist ink. Sheets of Mylar were taped to plotter
paper, metallizatlion up. The desired conductive patterns were
then plotted full scale using the resist pens on the Mylar.
The Mylar sheets were then subjected to an electrochemical
etching process which removed all metallization not covered by
the resist ink. Following etching, the Mylar sheets were
washed in isopropyl alcoheol, which removed the reaist ink -
leaving the desired metallization pattern.

Substrate patterns were generated for test plates,
containing 4 sensor elements. Substrate patterns were also
generated for the wind tunnel test. These were about 6 inches
in length. Two sensor densities were developed. These were
10 sensors per inch, and 5 sensors per inch. The test plate
patterns were generated in the same two densities.

For the proof of concept testing it was decided to build
the sensors up directly on the test surface. Developing the
sensor matrix as a tape to be applied to the surface involves
production problems beyond the scope of a feasibility study.
The first step in the sensor assembly development was to find
a proper adhesive for bonding the substrate to the test
surface.
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After consulting with several adhesive experts, ST707
Plastilock (BF Goodrich Company) was selected as the proper
adhesive. This adhesive comes in a spray can. With much
practice, a technique was developed for spraying a thin
uniform coat of adhesive and applying the substrate. The
results appeared acceptable. Adhesion was excellent.

Electrically conductive cements are used to connect the
instrumentation leads to the sensor pads. Curing at elevated
temperatures is desirable to reduce the cure time. Also it is
desirable to "age" (temperature cycle) the completed sensor
assembly to increase stability of the sensor characteristics,
Therefore samples of test plate substrates were bonded to
plexiglass and submitted to temperatures anticipated for the
conductive adhesives and for aging of the sensors.

The results were disappointing. At about 130 deg.F the
8707 began to break down. Figure 14 is a photograph of a test
plate 5/in. substrate after being subjected to a temperature
of about 135 deg. F. After some experimentation a
cyanoacrylate (Duro Super Glue) adhesive was selected. Figure
15 is a photograph of a 5/in. test plate bonded to plexiglas
after exposure to 180 deg. F. The cyanoacrylate was used on
all subsequent prototype sensors for bonding the substrate to
the surface. According to Loctite Corp. (the manufacturer)
cyanoacrylate has very low toxicity and produces no dangerous
thermal decomposition products. Figure 16 is a photograph of
a 10 transducer per inch substrate with 60 transducers bonded
to a plexiglas plate.
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For the feasibility test 1t was decided to drill a small
hole through the sensor attach tabs and right on through the
surface. Signal leads were passed through the holes from the
bottom, and bonded to the sensor tabs. Two different
adhesives were obtained for this. The first was ME-1i01
{Thermoset Plastics Inc.) conductive epoxy. This is a
microelectronic grade, silver filled, epoxy. The other
adhesive was CF-1525 Electrically Conductive Silicone (McGhan
NuSil Corp.).

Figure 18 is a photograph of an electret sensor substrate
with 60 transducer elements. This is an example of the 10
transducer per inch pitch. The attach tabs are simply
staggered extensions of the sensor electrodes. The stazgered
arrangement allows greater clearance when attaching the signal
leads. The metallization that surrounds the sensor electrodes
and attach tabs is a guard ring. The electret material is
trimmed so that the edges of the electret material lie on this
guard ring. The metallization on top of the electret is then
electrically connected to the guard ring with conductive
adhesive. This provides the ground connecticn and top shield
connection.

In the final form, the eleactrical connections for the
sansors would be carried on the substrate to a convenient
remote termination. Again, for a feasiblility teat, this
involves development efforts that are unwarranted. For the
proof of concept wind tunnel test a much gimpler approach was
chosen. The procedure is illustrated for a single sensor
attach tab in Figure 17. A small hole 18 drilled through the
attach tab and on through the surface. A small length (0.1
inch) of insulation is stripped from one end of the signal
wire, and the wire is inserted until the ends of the bare wire
are just below the surface. A conductive adhesive ig then
used to bond the wire in place, and to make electrical contact
between the wire and the sensor electrode.

Two different adhesives were used for this purpose. The
first is ME - 101 (Thermoset Plastics Inc.). This adhesive is
a two part microelectronics grade, silver filled epoxy. The
other was CF-1525 (McGhan NuSil Corp.)}. This adhesive 13 a
three part platinum system, silver filled silicone. Both
adhesives were used to make prototype sensors. The ME - 101
epoxy has the advantages of simpler mixing and use, simpler
handling, faster cure cycle, and superior adhesion. It has
one disadvantage - it 15 not conductive until 1t has cured.
Therefore, the quality of electrical connections cannot be
determined while the adhesive is being applied. The CF - 1525
requires a much longer cure cycle, is more difficult to mix,
harder to apply, but is conductive as mixed. Therefore the
integrity of each connection can be determined as it is being
made,
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The next component of the sensor to be applied is the
elastomer layer. It was hoped that an elastomer could be
found that would also serve as the adhesive for the electret
layer. CSL 506 and CSL 588 (CSL Silicones Inc.) electronic
grade R1V sllicones were obtained and evaluated. These are
one part, noncorrosive materials. They are easy to apply, and
show good compliance (low stiffness). Unfortunately three
Problems were discovered. First, cure time (in the electret
transducer element) appeared to be in excess of a week. For a
£ month feasibility study this is much to long to allow
reasonable development time. The second problem was
adhesion. The material demonstrated good adhesion to the
Mylar substrate, but not to the Teflon electret.

The third problem had to do with the elastic properties of
the material. Both CSL588 and CSL 508 showed very high
damping. The restoring force appeared to be a function of the
rate of deformatlon. If this material were used for the
elastomer layer it would result in a badly distorted frequency
response. The time constraints of the contract did not permit
the search for elastomer materials to begin over. A
compromise had to be found.
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It was discovered that the elastic properties of the
CF-1525 electrically conductive slilicone were superior to
thoae of the CSL silicones. The elastic modulus of CF-15256
was, however, greater than desired. To increase the
compliance, a matrix of air pocketz was created in the
elastomer. Great care was taken to insure that no conductive
path existed between sensor electrodes. Adhesion to the
Teflon electret material was poor. However adheslon to the
metallization on the top of the electret was very good. Since
the electret was secured along its edges by bonding the
chromium metallization to the guard ring, there was no danger
of delamination.

The senaitivity of trial electret sensors of this design
was on the order of 100 mV/psi. The wind tunnel testing was
to be conducted primarily at dynamic pressures of 2 inches of
water (0.072 psi) and 4 inches of water (0.144 psi).
Fluctuating surface pressure was expected to be on the order
of 1 percent of the dynamic pressure. Therefore RM3 pressure
levels of the order of 0.001 psi were expected. With a
sensitivity of only 100 mV/psi the signal level would be on
the order of 0.1 mVY. There was no way to estimate the
electrical background ncise in the wind tunnel. However it
appeared that signal to nolse levels might be poor.

In order to boost the sensitivity, two new sensor designs
were implemented. These desligns use only air as the
compressive material in the elastomer layer. Both of the=se
designs use Mylar (no metallization} to form a mask. The mask
is attached to the top of the substrate in place of the
elaztomer layer. The mask supports the electret above the
substrate. In the segmented air layer design the mask exposes
the sensor electrodes, but fills the gaps between them. The
electret is supported on all sides of each transducer
element. Since the Mylar deoes not compress (at the presaures
being considered here), the result is that emch transducer
element is isolated and independent.

The other design 1s called the continuous alr layer
degign. This is similar to the segmented air layer design
except that the Mylar mask does not fill the gap between the
sensor electrodes. The Mylar mask runs lengthwise alcng the
entire sensor, but does not isolate the air layers between
sensor elements. Therefore, the elements of the sensor are
not independent. The signals from this design should
represent a smoothed pressure field.
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Prototype electret boundary layver transition sensors were
fabricated for the wind tunnel test from all three designs.
As explained in the next section, prototype sensors were
installed on plexiglas test platea. These plates were formed
to the surface contour of the wind tunnel model. The plates
could be rapidly changed without removing the model from the
wind tunnel. All of the prototypes for the wind tunnel test
used the 5 transducer per inch pitch, and contalnegd 30 sensor
elements.

Plate 1 used the segmented air layer design. Plate 2 used
the continuous air layer design. Plate 3 used the air in
alastomer matrix design. As explained in the previous
section, chromium metallized FEP Teflon electretas were used on
all three plates.

Evaluation of individual electret transducer elements was
accomplished in the calibration set up illustrated in Figure
18. A single transducer element of the deaign to be evaluated
was bonded to the end cap of a standing wave tube., A
miniature microphone of known characteristics is also mounted
flush in the same end cap. This microphone serves as a
reference standard for the calibration. Sinusoidal pressure
osclllations are generated in the standing wave tube by a 30
Watt acoustic driver. Frequency and amplitude are wvariable.
The standing wave tube can calibrate a device over a wide
frequency range at sound pressure levels characteristic of
surface pressure fluctuations in low speed wind tunnels. At
specific resonant freguencies, sound pressure levels
characteristic of transonic and supersonic wind tunnels can be
achiaved.

The wave mode is monitored using a dual beam scope (Figure
19) to insure that the wave front in the chamber is planar.
At very high frequencies the wave front is perturbed by higher
resonant mocdes and the sound pressure level is no longer
conatant over the entire end cap. If calibration is required
under these conditions, a reciprocity technique can be used.
Simply speaking, a reading is taken, the end cap is rotated
1B0 degrees to swap positions of test device and standard, and
another reading 1s taken.

Obviously this calibration setup is not directly
applicable to the calibration of a sensor which is B inches
long and contains either 30 to 60 individual transducers. To
Perform electret transition sensor calibrations it was
hecessary to transfer the calibration to the standing wave
tube itself. This was done by mounting a reference standard
microphone flush in the surface of a plexiglas plate as shown
in Figure 20. Another reference standard microphone was

2



AEDC-TR-87-25

IVM Dual Acoustlc
or Beam Dscitlator
MM Scope
Inst. Inst.
AP, Amp.
Instrument Power
Power Lo Amp,
7 7
Reference 4J // Electret
Stondard 77 7/ Tronsducer
Z % Sample
Callbration
Chamber % %
X
Acaustic
Driver .
- nsduc v ation

23



AEDC-TR-87-25

mounted in a small plexiglas block and bonded to the side of
the wave tube. This microphone is connected to the inside of
the wave tube (very close to the end) by a short length of
0.062 brass tubing. The wave tube was inverted and placed
over the reference standard on the calibration plate. The
microphone monitoring the wave tube through the brass tube is
referred to as a monitor microphone. The reference standard
in the calibration plate was used to measure the true sound
pressure level at the end of the wave tube, and its
calibration transferred to the monitor microphone. Figure 21
is a photograph of the wave tube calibration transfer setup.

The wave tube was then used to calibrate the prototype
electret transition sensors. This calibration was in place;
i.e. with the prototype sensor installed on the model, and
using the actual cabling used during the wind tunnel test.
Figure 22 1s a photograph of a calibration in progress. The
wave tube is placed directly over each sensor transducer
element - one at a time. The monitor microphone measures the
actual sound pressure level developed in the wave tube, and
provides the calibration standard.
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The distribution of sensitivity for plate 1 is shown
graphically in Figure 23, The average sensitivity is a little
less than 3000 mV/psi. Note the scatter in sensitivity.
Values range from a little more than 1000 mV/psi to over 8000
mV/psi. The cause of this spread in sensitivity is lack of
uniformity in mask geometry and in electret tension. It was
very difficult to apply the electret to the mask and maintain
a uniform, wrinkle free surface. Another factor affecting the
uniformity of sensitivity was the conductive adhesive used to
connect the signal leads to the transducer connection pads.
During thermal cycling of the adhesive appeared to swell.

This was visible as tiny bumps under the film along the edges
of the sensor strip. It is believed that this resulted from
air trapped below the adhesive, expanding when heated. The
resulting surface imperfections may have caused small
variation in the mean spacing between the substrate and the
electret (thereby affecting sensitivity), but it was felt that
they did not jeopardize the validity of the wind tunnel test.
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Figure 23 - Plate 1 Calibration Results

3.3 Model Desisn and Fabrication

The proof of concept sind tunnel test was to be conducted
in the University of Missouri - Rella 3 fcot by 4 foot
gsubsonic facility. A simple two dimensional symmetrical wing
model was designed and fabricated to serve as a test bed for
evaluating the electret transition sensors. The model was
designed to span the tunnel from floor to ceiling. General
geometry is shown in Figure 24. The leading edge 1is
elliptical with a 2.5:1 ratic of major to minor axis.
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Model fabrication was essentially complete when review of
the basic design revealed two potential problems. The model
had a removable flat plate in the upper surface. Trial sensor
arrays were to be bonded to the plate. The plate, and sensors
could then be easily removed and/or changed without removing
the model from the tunnel. The first problem was that this
plate was tangent to the elliptical curve of the leading
edge. As a result, there was a seam between the upstream edge
of the plate and the model. If the test plate is installed
properly, and the seam waxed, no significant discontinuity
would exist. However, even small accumulations of dirt under
the plate, or a lack of repeatability in waxing could create a
lack of repeatability from one installation to the next. In
addition, this design eliminated the possibility of placing
sensors on the curved portion of the leading edge. Therefore,
it was decided to modify the test plate design.

The modified test plate wraps completely around the
leading edge of the model. The model was reworked so that the
test plate is flush with the model surface contours. This
design allows the sensors to be mounted as close to the
leading edge as desired, and eliminates the possibility of an
upstream discontinuity. The original and modified test plate
installations are illustrated in Figure 25.

;" OLD TEST PLATE

7

7 EaEmm 2
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The second potential problem was generated by the tralling
edge of the model. The existing design called for a
relatively short trailing edge. This resulted in relatively
high expansion angles and would likely cause premature flow
separation of the aft sections of the model. The concern was
that this separation (if it occurred) may be unsteady.
Unsteady fluctuations of the separation bubble could be
communicated upstream through the boundary layer and mask the
fluctuating pressures at the sensors. This kind of masking
can be corrected if the pressure data is recorded as analog
(or rapid digital) time histories. However for the coming
feasibility test, fluctuating pressure data would be recorded
as simple time averaged RMS levels, and could not be
corrected. It was decided to lengthen the models trailing
edge. Figure 26 illustrates the original and modified
designs.

NEW TRAILING EDGE
MOUNTING RODS OLD TRAILING EDGE 7
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Figure 27 is a photograph of a test plate being installed
in the model. Impedance matching electronics are located in a
cavity beneath the test plate. The signal leads from the
prototype sensor are simply plugged into a solderless
breadboard. This arrangement facilitates rapid and convenient
sensor plate removal and replacement.

pey

3.4 Wind Tunnel Test

The wind tunnel test was conducted in the University of
Missouri 3 foot by 4 foot subsonic facility. The test was
conducted in two distinct parts. Part 1 was concerned with
developing and verifying a conventional boundary layer probe.
The probe would be used to determine transition location in a
conventional way. For the low speeds involved in this test,
the probe interference should have minimal effect on the
transition location. The probe and electret transition
detector would be used simultaneously. Correlation of
indicated transition locations from both methods would give
conclusive evidence of the validity (or lack thereof) of the
electret transition detector concept.
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Another objective of part 1 was verification of good flow
guality over the model. 5Since only true RMS data were being
recorded the effects of separation and unsteady flow phenomena
(which could mask the data) could not be detected. To
determine whether flow separations occurred the back side of
the model was tufted. Figure 28 is a photograph of the model
and tufts at g = 4 in. H20 ( q = dynamic pressure ). Flow was
very smocth -~ there was no indication of flow separation at
any point on the model.

A conventional boundary layer "mouse” (flattened surface
total pressure probe) and a static pressure probe were
attached to a remotely controlled traversing mechanism. The
probes were fabricated from 0.082 brass tubing. The inlet of
the mouse was flattened and ground to provide & 0.002 iach
vertical capture height. The static probe waa located about
0.125 inches above the model surface. The static preasure
taps were aligned with the inlet of the surface mouse.

Figure 20 is a photograph of the model and boundary layer
probe installation. A blank test plate was installed durirng
part 1. No electret sensors were used. The probe {(surface
total and static) were traversed along the model surface while
monitoring the the pressure difference. A sudden rise in
pressure difference signals the onset of tranaition. The
probe data did give a clear indication of transition.
Nevertheless an attempt was made to verlify the translition
iocations predicted from the probe data with a another
conventional method - the "China Clay “ method.

The China Clay method is a visual technique for finding
the locaticn of boundary layer transition. The surface of a
blank test plate was painted a flat black. A lacquer was made
by mixing equal parts by volume of clear lacquer, Butyl
Acetate, and Butyl Alcochol. To this was added a half part of
Xylene. Aluminum Silicate powder (otherwise known as Kaolin
or China Clay) was then stirred in and agitated until a good
sprayable consistency was obtained. This lacquer was sprayed
over the flat black surface as several fine coats. Each coat
was rubbed down to maintain a smooth surface. When the China
Clay lacquer 1s dry it produces an opaque white surface. Just
before starting the flow visualization run the surface was
spraved with Methyl Salicylate. The index of refraction of
the Methyl Sallcylate is very near that of the China Clay. As
a result the China Clay lacquer becomes transparent and the
black surface underneath can be seen.

The evaporation rate under a turbulent boundary layer is
significantly higher than under a laminar boundary layer.
Therefore the Methyl Salicylate down stream of the transition
location evaporates first and the surface turns white again.
The interface between the white (turbulent) and black
(laminar) gives a clear visual indication of the transition
location.
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After spraying with Methyl Salicylate the surface became
black - as expected. However even after 2 hours there was no
indication of the surface turning white - anywhere. The plate
was removed and set aside. Two days later the plate finally
began to slowly turn white. Time pressure precluded any
further investigation or attempt to verify the boundary layer
probe. It was necessary to proceed with part 2 - the proof of
concept testing.

All three test plates with prototype sensors as described
in the previous section were tested. Figure 30 is a
photograph showing details of the boundary layer probe and the
electret transition detector. Electret sensor data was
acquired using a computer controlled HP 3497A Data Acquisition
System and a HP 3478 digital multimeter. Boundary layer probe
pressure data was taken on a digital differential pressure
head with a resolution of 1 Pascal (about 0.00015 psi or 0.004
inches of water).

Figure 30 - Prototype Transition Sensor & B.L. Probe

The initial series of runs consisted of three runs per
sensor configuration. Each test plate, with attached sensor,
was tested at dynamic pressures of 2, 4, and 6 inches of
water. Plate 3 (the air/elastomer matrix sensor) had
insufficient sensitivity to resolve the pressure
fluctuations. No useful data was obtained from this
prototype. This prototype might have performed well in a high
speed tunnel, where dynamic pressure is much higher and the
fluctuation intensity is correspondingly higher.
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Data from plate 2 (the continuous air layer sensor) is
shown for all three runs in Figure 31. This sensor did
respond well to calibration with the standing wave tube.
However, the data obtained during the wind tunnel test does
not indicate a transition location. The sensor does respond
to the flow, but it is hard to say what exactly is being
measured. One hypothesis is that with the continuous air
layer under the electret, the electret film is simply
fluttering. What is being measured is simply an indication of
the mode shape of the surface oscillation. In any case this
prototype is not useful for determining transition location.
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Fi 31 - Plate 3 @ 2", 4" y 6" H20

Data from plate 1 (the segmented air layer sensor) did
indicate a boundary layer transition location. Data from both
the probe and the sensor were normalized and plotted
together. Figure 32 is the results of the 2 inch of water
run. The square symbols are normalized pressure difference
data from the boundary layer probe. The plus marks are
normalized fluctuating pressure data from the electret
sensor. This data is plotted as a function of distance from
the leading edge of the wing model. Following the boundary
layer probe from about 4 inches and moving aft, it can be seen
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that the delta-p is initially dropping. Thia is believed to
be the result of recovery from the acceleration of the flow
around the leading edge. The probe data shows a minimum at
about 5.3 inches and then a rapld rise to about 6.3 inches.
This is an indication of boundary layer transition at about
the midpoint of the rise - about §.8 inches. The electret
sensor shows an abrupt spike in measured fluctuating pressure
at that same location. A vertical line is drawn indicating
the indicated boundary layer transition location. The prcbe
and the alectret sensor agree very well at 2 inches of water.

Figure 33 shows the same kind of data for a dynamic
pressure of 4 inches of water. Again the electret sensor and
the boundary layer probe agree as to the location of
transition. Note that as the dynamic pressure increases, both
devices indicate that the transition location moves forward.
Since increasing veloclity requires a decreasing distance to
naintain a conatant Reynolds number, this experimental
observation is in qualitative agreement with boundary layer
theory.

At 6 inches of water, neither the boundary layer probe nor
the electret sensor gave a clear indication of transition. It
is believed that as transition moved forward into the recovery
preassure field from the leading edge acceleration it was
pulled forward of the measurement range of either device.

Ta remove doubt as to the exact location of the transition
location, it was declided to induce transitionm at a known
station and observe the results. A boundary layer trip wire
was stretched across the surface of the plate at about 3.8
inches from the leading edge. The results are shown in Figure
34. Both the boundary layer probe and the electret sensor
indicate transition about 0.3 inches downstream of the wire.
The results seem to be conclusive.

Repeatability of the electret sensor measurements are
indicated in Figure 35. The raw (not normalized) output of
the senszor is plotted for four separate runs. The indlcated
repeatablility of the fluctuating pressure fleld is fairly
good. All four runs would indlcate the same transition
location.
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4.0 CONCLUSIONS

The data seems conclusive. The feasibility of developing
a thin film array of fluctuating pressure itransducers for the
non-intrusive location of boundary layer tranaitiom is
confirmed. However, a significant amount of development
remains before a production technology is achieved. The level
of effort required appears to be well within the domain of an
SBIR Phase 1] contract, and will be actively pursued.
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